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I. 


INTRODUCTION 


There  is  increasing  interest  in  the  development  of  intense  light-ion 

beams  as  drivers  for  thermonuclear  pellets  in  inertial-confinement-fusion  (1CF) 
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applications.  ’  This  approach  requires  the  production  of  a  number  of 

intense  beams  of  a  few  MeV/nucleon,  focusing  of  each  beam,  then  transport 

and  overlapping  of  the  beams  onto  a  target  with  sufficient  power  density  to 

ignite  it.  Experimental  and  theoretical  research  in  these  areas  at  the 

Naval  Research  Laboratory  has  been  reviewed  recently.* 

The  NRL  studies  have  concentrated  on  the  aximuthally-symmetric  pinch- 

reflex  diode  for  ion  production.  This  diode  uses  the  self-fields  of  the 

charged-particle  flow  to  enhance  ion  production  and  aid  in  focusing.  This 

diode  operates  most  efficiently  with  a  large  aspect  ratio  (cathode  radius/ 
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anode-cathode  gap)  and  at  low  diode  impedance  (Z^Z2) .  Experiments  on  the 

1.5^2  NRL  Gamble  II  generator  have  produced  up  to  700  kA  of  ion  current  at 

1.3  MV  with  60%  ion  efficiency  (ion  current/total  current).*  Using  the  0.75-0 

line  of  the  PITH0N  generator  at  Physics  International,  ion  currents  of  900  kA 
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at  1.8  MV  were  achieved  with  comparable  efficiency.  ’  The  high  current 
density  associated  with  these  low-voltage,  high-current  ion  beams  puts 
limitations  on  the  focusing  and  transport  of  such  beams  to  ICF  targets. ^ 
Experiments  at  order-of-magnitude-higher  impedance  levels  and  at  power 
levels  comparable  to  Gamble  II  and  PITH0N  experiments  are  now  in  progress  on 
one  line  of  the  Harry  Diamond  Laboratories  Aurora  generator.  In  general, 
higher  impedance  generators  are  more  efficient  in  delivering  energy  to  the 
diode  and  can  deliver  higher  power  levels.  Inductive  losses  in  the  vacuum 
diode  are  reduced.  The  increased  stiffness  of  beams  extracted  from  high- 
impedance  diodes  should  improve  focusability .  Focused  current  densities 
required  for  pellet  driving  are  reduced  for  higher-energy  ion  beams  provided 
that  the  beam  species  is  properly  matched  to  pellet  deposition  requirements. 
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Those  advantages  must  be  weighed  against  theoretical  predictions  of  lower  ion 
production  efficiencies  for  high  impedance  diodes. 

The  experiments  described  here  employed  a  low-aspect-ratio  modification 
of  the  conventional  pinch-reflex  diode  in  order  to  better  match  the  high- 
impedance  Aurora  pulse-line.  Computer  simulation  of  the  Aurora  diode  showed 

enhanced  ion  production  when  operating  at  diode  currents  exceeding  the 

/ 

Atfven  current.  Uirora  experiments  have  demonstrated  similar  enhanced  ion 
production  efficiencies  (~  25%).  The  ion  diode  was  driven  by  a  200  nsec 
FWHM  pulse  from  one  of  the  50-.2  vacuum  transmission  lines  on  the  generator. 
The  diode  operated  at  ”  5  MV  and  ~  200  IcA  (Z  ~  25  .1).  The  mismatch  of  this 
ion  diode  to  the  50-w  driver  limited  the  peak  power  Lo  <1.5  TW  and  the  total 
diode  energy  to  <  200  kJ .  Average  proton  currents  of  50  kA  at  5  MeV  were 
inferred  from  neutron  activation  and  time-of-f light  measurements  using  the 
\i(p,n)7Be  reaction.  A  carbon  ion  component  of  >1%  was  also  observed  from 
the  CH,,  foil  anode.  Ion  imaging  measurements  indicated  that  the  ion  beam 
originated  near  tbe  axis  of  the  anode  and  was  affected  by  an  unknown  focusing 
mechanism  in  the  anode-cathode  region.  It  was  shown  that  the  reflexing  of 
electrons  through  the  anode  foil  was  not  of  primary  importance  to  the 
enhanced  ion  production.  The  experimental  results  are  consistent  with 
computer  simulations  which  indicate  that  the  ion  production  is  enhanced  as 
a  r-  suit  of  prolonged  electron-lifetime  in  the  diode  due  to  the  complicated 
trajectories  of  the  electrons. 

This  paper  will  detail  the  theoretical  simulations  and  experimental 
measurements  of  those  ion-diode  studies  on  the  Aurora  generator  in 
negative  polarity.  Section  II  presents  the  results  of  the  numerical 
simulations.  Section  ill  describes  the  experimental  hardware  and  diagnostics. 


The  experimental  results  are  presented  in  Section  IV.  Section  V  summarizes 
the  experimental  and  theoretical  studies. 

II.  THEORY  AND  SIMULATION 

The  high  impedance  diode  used  in  the  Aurora  experiments  exhibits 
an  ion  production  efficiency  much  higher  than  the  prediction  from  bi-polar 
Child-Langmuir  flow.  The  most  important  aspect  of  the  flow  established 
in  the  diode  is  that  the  total  current,  IpgT'  exceeds  the  Alfven  current, 
rA  =  17000  jiy,  where  1^  is  in  amps,  p  is  the  electron  velocity  normalized 
to  the  speed  of  light  and  y  is  the  relativistic  factor  calculated  from 
the  full  diode  voltage.  When  the  total  dioie  current  exceeds  the  Alfven 
current,  the  electron  flow  pinches  in  the  region  of  the  anode-cathode  gap. 
The  electrons  no  longer  have  trajectories  which  take  them  directly  from  the 
cathode  to  the  anode;  rather  they  appear  to  perform  complicated  figure- 
eight-like  orbits  through  the  diode's  axis  and  drift  across  the  gap  due 
to  a  combination  of  ExB  and  VBxB  motion  caused  by  the  self-magnetic 
field  arising  from  the  electron  and  ion  flow  in  the  diode.  As  a  result, 
the  electron  lifetime  in  the  anode-cathode  gap  is  enhanced.  The 
ion  production  efficiency  is  determined  by  the  total  charge  balance 
in  the  diode  and  the  relative  average  lifetimes  of  electrons  and  ions  in 
the  gap.  The  ions  travel  in  essentially  straight  lines  and  move 
more  slowly  than  the  relativistic  electrons,  but  the  longer  path  length  of 
the  electrons  allows  a  larger  fraction  of  the  current  than  predicted  by 
Child-Langmuir  theory  to  be  carried  by  the  ions. 

For  the  diode  used  in  the  Aurora  experiments,  it  is  difficult  to 
calculate  analytically  the  ion -generation  efficiency.  Therefore,  numerical 
simulations  were  used  to  model  the  diode  behavior.  These  simulations  have 
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been  carried  out  using  the  DIODEPR  2D-3V  relativistic-quasistatic  equilib¬ 
rium  code.  Tile  configuration  used  in  the  simulations  is  shown  in  Fig.  1. 

This  figure  also  shows  the  equipotential  lines  in  the  empty  diode  under 
the  assumption  that  the  reflexing  foil  is  a  conducting  surface.  This 
geometry  corresponds  to  a  small-aspect-ratio,  pinch-reflex-diode  configuration. 
To  limit  the  size  of  the  simulation  grid,  only  the  region  to  the  right  of  the 
cathode  was  simulated  thus  neglecting  the  effect  of  shank  flow  into  the 
diode.  Hie  numerical  model  assumed  a  geometry  close  to  that  used  in  the 
Aurora  experiments.  The  "reflexing  foil"  was  modeled  as  an  0.175-cm  thick 
IH,  conducting  disk  acting,  as  a  space-charge- 1  imi  ted  ion  source  on  the 
cathode  side.  Ihe  on-axis  rod  and  the  anode  support  behind  the  foil 
were  assumed  to  be  perfectly  absorbing  surfaces  for  electrons.  Simulations 

were  conducted  on  a  (64*50)  R-Z  mesh  with  AR  =  0.25  cm  and  AZ  =  0.15  cm. 

-12 

The  time  step  was  taken  to  be  2x10  sec,  and  the  simulations  were  conducted 
until  an  average  steady  state  was  achieved.  Electron  emission  was  limited 
to  the  face  of  the  cathode.  Two  simulations  were  completed,  one  at  3  MeV 
and  another  at  5  MeV,  both  with  an  anode-cathode  gap  of  3.3  cm. 

In  the  simulation  at  3  MeV,  the  steady-state  diode  cui rent  was  calculated 
to  be  114  kA  with  14  kA  of  this  current  due  to  ions  and  the  remaining 
100  kA  due  to  electrons.  Of  the  electron  current,  35  kA  was  absorbed  by 
the  sides  of  the  supporting  rod,  while  50  kA  was  absorbed  by  the  front 
surface  of  the  anode  at  the  center  button  where  the  anode  foil  is  attached  to 
the  support  rod.  The  remaining  current  was  absorbed  by  the  back  plate 
behind  the  support  stalk.  The  positions  of  the  electrons  projected  on  the 
R-Z  plane  are  shown  in  Fig.  2  at  time  step  3000,  well  after  a  steady  state 
has  been  achieved.  The  electron  flow  appears  to  be  weakly  pinched  and 
there  is  evidence  of  some  reflexing  through  the  anode  foil.  The 
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Fi>;.  1  The  pinch-reflex -diode  geometry  used  for  simulation  of  the  Aurora 
experiments.  The  equipotential  lines  in  the  empty  diode  are  shown.  Only  the 
region  to  (lie  right  of  the  hollow  cathode  was  simulated. 


ELECTRON  POSITIONS 
T  *  3000  STEPS 
V=  3.0  MeV 


Fig.  2  -  The  positions  of  test  electrons  projected  on  the  (R,Z)  plane  after  3000 
timesteps.  At  this  time  the  electron  flow  has  reached  steady  state.  This  figure  is 
for  the  3-MeV  case  and  shows  a  weak  pinch  of  the  electron  flow. 


corresponding  ion  positions  appear  in  Fig.  3.  The  ion  current  density  is 
peaked  near  the  axis  as  can  be  seen  from  the  radial  profile  for  the  ions 
at  the  cathode  surface  shown  in  Fig.  4.  Within  the  resolution  of  the  code, 
the  peak  ion  density  is  ~  1  kA/cm  .  Ions  arriving  at  the  cathode  face  have 

an  outward  radial  velocity  with  a  maximum  vD  ~  0.6  cm/ns  as  shown  in  Fig.  5 

compared  to  ~  2.3  cm/ns  indicating  a  defocusing  of  the  ion  orbits. 

The  impedance  of  the  diode  was  calculated  to  be  26  Q  with  an  ion  efficiency 

of  12%,  which  is  2.5  times  greater  than  the  Child-Langmuir  efficiency. 

At  the  higher  voltage  of  5  MeV,  the  calculated  ion-diode  performance 
improves.  Plots  similar  to  those  for  3  MeV  show  that  the  electron  pinch 
is  stronger  at  5  MeV  and  that  very  few  electrons  reflex  through  the  anode 
foil.  The  electron  and  ion  maps  are  shown  in  Figs.  6  and  7,  respectively, 
after  4000  time  steps  when  the  diode  has  achieved  steady  state.  The 
electron  flow  appears  to  pinch  toward  the  center  of  the  anode  face  and 
very  few  electrons  have  passed  through  the  foil.  There  also  appears  to 
be  a  sizeable  electron  flow  in  the  direction  of  the  ions  which  would 
contribute  to  space  charge  neutralization  within  the  ion  beam.  The  ion 
density  on  the  cathode  plane  shown  in  Fig.  8  is  strongly  peaked  on  axis  with 
a  current  density  of  at  least  10  kA/cm  compared  to  1  kA/cm  computed  for 
3-MeV  operation.  The  total  diode  current  for  this  case  is  205  kA  of  which 
40  kA  is  ion  current  and  165  kA  is  electron  current.  Of  the  electron 
current,  40  kA  goes  to  the  support  rod  and  125  kA  to  the  center  button. 

None  of  the  electron  current  was  absorbed  by  the  back  plate  behind  the 
anode  stalk.  In  contrast  to  the  3-MeV  case,  this  total  current  now  exceeds 
the  Alfven  current  of  188  kA.  The  diode  impedance  of  24  was  not  signifi¬ 
cantly  different  from  the  3-MeV  case,  but  the  ion  efficiency  increased  to 
~  20%.  The  maximum  radial  velocity  component,  vR,  shown  in  Fig.  9,  is  somewhat 
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Fig.  3  —  The  positions  of  test  ions  projected  onto  the  (R,Z) 
plane  for  the  case  shown  in  Fig.  2 
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Fig.  4  —  The  radial  profile  of  the  ion-current  density  at  the  plane  of  the 
front  surface  of  the  cathode  for  the  3-MeV  case 


ELECTRON  POSITIONS 
T  =  4000  STEPS 
V  =  5.0  MeV 


Fig.  6  —  The  projection  of  test  electrons  onto  the  (R,Z)  plane  for  the  5-MeV  case 
after  steady  state  has  been  reached.  The  figure  shows  a  focused  pinch  for  the  elec 
trons  flowing  back  towards  the  cathode  plane  at  small  radii. 


Fig.  7  —  The  positions  of  test  ions  projected  onto  the  (R,Z)  plane 
for  the  case  shown  in  Fig.  6 


VR  ( I08  cm/sec) 

Fig.  9  —  The  radial  velocity  profile  of  ions  at  the  cathode  plane  for  the  5-MeV  case. 
This  velocity  profile  when  compared  to  the  3-MeV  case  suggests  some  ion  focusing 
is  taking  place  in  the  diode.  Some  of  the  ions  may  even  have  crossed  the  axis. 


smaller  near  the  axis  than  for  the  3  MeV  case  while  the  component  is 
larger  due  to  the  higher  voltage  (v^  ~  3.1  cm/ns) .  Note  also  that  the  ion 
velocity  goes  negative  for  R  >1.6  cm  suggesting  the  outer  ions  are  being 
focused . 

The  electron  orbits  for  the  5-MeV-diode-voltage  case  are  shown  in 
Fig.  10.  The  pinching  effect  on  the  electrons  can  be  seen  clearly  as  well 
as  the  "figure-eight"  like  drift  motion  of  the  electrons  toward  the  anode. 
Such  electron  motion  is  characteristic  of  the  7B  drift  of  primary  electrons 
in  this  diode. 

III.  EXPERIMENTAL  PROCEDURE 
I.  Experimental  Hardware 

q 

The  Aurora  Simulator  has  been  described  in  detail  elsewhere.  In 
this  experiment,  a  single  arm  of  the  accelerator  was  used  with  a  second 
elbow  and  extension  section  in  place  to  bring  the  beam  out  in  the  horizontal 

g 

plane.  The  Marx  generator  was  operated  in  negative  polarity  at  the  90-kV 
charge  level,  well  below  the  maximum  120-kV  charge  available.  The  Marx 
charges  a  Blumlein  pulse-forming  line  which  is  discharged  through  an  oil 
prepulse  switch  onto  the  diode  insulator  oii-vacuum  interface.  The  pulse 
is  transmitted  through  a  10-meter  long,  magnetically-insulated  coaxial 
transmission  line  to  the  ion  diode.  The  geometric  impedance  of  the  nominal 
1.2-m  O.D.,  0.53-m  I.D.  transmission  line  is  50^1.  Figure  11  shows  the 
location  of  voltage  and  current  probes  along  the  transmission  line.  A 
single  resistive-divider  voltage  monitor  was  located  in  the  oil,  and  three 
capacitive  dividers  were  located  along  the  line.  Current  measurements  were 
made  with  three  7-iml  resistive  current  monitors  spaced  along  the  outer  coax. 
The  resistive  voltage  monitor  measured  a  peak  of  10  to  11  MV  for  a  90-kV 
Marx  charge  while  the  capacitive  voltage  monitor  (Vg)  and  current  shunt  (IT) 
measured  ~  6  MV  and  ~  190  kA,  respectively.  These  values  suggest  that 

15 


E 


50  OHM  COAX 


the  diode  was  operating  somewhat  below  the  geometric  50-fi  impedance.  A 
prepulse  of  150-200  kV  peak  and  ~  300  ns  FWHM  was  measured  on  the  vacuum 
coax  1.5  (Usee  before  the  main  pulse. 

An  enlarged  view  of  the  ion  diode  end  of  the  coaxial  transmission  line 
is  shown  in  Fig.  12.  The  53-cm  diameter  center  stalk  tapers  to  10  cm  while 
still  in  the  1.2-tn  diameter  chamber.  After  a  50-cm  long  section,  the  outer 
conductor  is  reduced  to  25  cm  to  recover  the  50-Q  line  impedance.  A  prepulse 
switch  is  located  on  the  center  stalk  just  downstream  of  the  large-diameter 
transition  as  shown  in  Fig.  12.  The  switch  consists  of  a  series  of  acrylic 
insulators  and  field  grading  rings.  The  insulator  was  designed  to  capaci- 
tively  divide  the  prepulse  down  below  50  kV  depending  on  the  number  of 
insulators  in  place.  The  cathode  was  mounted  on  the  10-cm  diameter  inner 
stalk  and  was  aligned  with  the  anode  mounted  on  an  aluminum  plate  in  the 
25-cm  I.D.  vacuum  region.  A  35-cm  long  vacuum  chamber  with  a  carbon  beam 
dump  was  located  downstream  of  the  anode. 

The  cathode  and  anode  used  in  these  experiments  are  illustrated 
in  Fig.  13.  The  cathode  consisted  of  a  10-cm  diameter,  6-mm  thick  wall 
aluminum  tube  with  a  rounded  edge.  An  aluminum  witness  plate  was  recessed 
inside  the  cathode.  On  most  shots,  lithium  chloride  (LiCl)  was  deposited 
on  the  witness  plate  to  provide  a  neutron  source  through  the  ^Li(p,n)^Be 
reaction.  The  anode  consisted  of  lOO-iam  thick  polyethylene  (CH^)  foil 
stretched  between  a  0.8-mm  thick,  15-cm  diameter  aluminum  ring  and  a  2.5-cm 
diameter  central  aluminum  disk.  The  outer  edge  of  the  center  disk  and  the 
inner  edge  of  the  ring  were  sharp  to  enhance  surface  breakdown  of  the  CH^ 
foil.  The  center  disk  was  covered  with  various  thicknesses  of  CH^.  An 
aluminum  round-head  screw  clamped  the  anode  onto  a  1.9-cm  diameter,  0.17-ram 
thick,  6-cra  long  aluminum  tube.  The  entire  anode  was  bolted  onto  a  1.5-ram 
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Fig.  12  —  The  diode  end  of  the  vacuum  coax 
as  used  in  the  ion-diode  experiments 
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Fig.  13  —  Details  of  the  cathode  and  anode  used  in  the 
negative-polarity,  ion-diode  experiments 


thick  aluminum  plate.  The  anode  structure  was  made  of  thin  aluminum  to 
limit  debris  from  the  shot  as  well  as  to  allow  many  reflexes  of  electrons 
through  the  structure  (the  range  of  5-MeV  electrons  in  aluminum  is 
1 . 1  cm) . 

2.  Diagnostics 

a .  X-Ray 

X-ray  and  neutron  diagnostics  used  in  this  experiment  are  indicated 
schematically  in  Fig.  14.  Because  the  machine  was  operated  in  negative 
polarity  and  there  was  no  access  to  the  center  stalk,  all  ion  diagnostics 
were,  of  necessity,  remote  or  delayed.  X-ray  diagnostics  consisted  of  a 
collimated  photodiode  and  a  pinhole  camera,  both  directed  at  the  diode 
region,  and  TLD's  placed  at  various  locations  to  provide  gross  x-ray  fluxes. 
The  pinhole  camera  had  a  demagnification  factor  of  1/3.5. 

b.  Neutron  Time  of  Flight 

The  neutron  time-of-f light  (TOF)  technique  was  used  to  determine  the 
proton  energy  in  the  diode.  The  TOF  detector  consisted  of  a  6. 7 -cm 
diameter  by  5. 6 -cm  cylindrical  plastic  scintillator  coupled  to  a  photomulti¬ 
plier  tube  and  mounted  within  a  7. 6 -cm  thick  lead  shield.  This  detector 
was  deployed  at  10°  to  the  anode- to-cathode  axis  and  at  13.8  m  from  the 
LiCl  target.  At  this  angle  the  proton  energy  for  the  7Li(p,n) 7Be  reaction 
is  a  sensitive  function  of  the  neutron  energy  as  shown  in  Fig.  15.  Also, 
in  this  figure  is  shown  the  dependence  of  proton  energy  on  neutron  flight 
time,  which  is  the  quantity  directly  measured  by  the  TOF  technique.  The 
neutron  energies  are  small  enough  so  that  the  TOF  signal  is  well  separated 
from  the  bremsstrahlung  signal.  For  5-MeV  protons,  the  neutron  energy 
is  about  3  MeV  and  the  flight  time  is  ~  0.5  ^sec.  The  bremsstrahlung 
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Fig.  14  —  A  schematic  arrangement  of  the  x-ray  and  neutron  diagnostics 
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Fig.  15  —  The  dependence  of  the  energy  of  protons  in  the  7  Li(p,n)7Be  reaction  on  the  energy  of  the 
outgoing  neutrons  and  on  the  neutron  flight  time  (Tn)  for  a  neutron  TOF  detector  at  10°  and  13.8 
meters.  The  x-ray  flight  time  (Ty)  has  been  subtracted  from  the  neutron  flight  time. 


acts  as  a  time  marker  on  the  TOF  traces,  and  its  flight  time,  T  ,  has 
been  subtracted  from  the  neutron  flight  time. 

c .  Shadowbox 

The  trajectories  of  ions  emitted  from  the  diode  were  diagnosed  by 

measurements  with  a  pinhole  shadowbox  placed  within  the  cathode. ^  The 

shadowbox  is  illustrated  in  Fig.  16.  It  consists  of  a  6-mm  thick  stainless- 

steel  plate  which  contains  an  array  of  countersunk  holes  and  is  mounted 

2.6  cm  in  front  of  a  polished  aluminum  witness  plate.  The  stainless  steel 

plate  is  masked  by  a  thin  aluminum  disk  which  has  a  matching  array  of  1-mm 

2 

diameter  apertures.  The  aluminum  witness  plate  will  melt  if  >100  A/cm  of 

2 

5-MeV  protons  are  deposited,  and  it  will  vaporize  for  >1.4  kA/cm  .  The 
front  aperture  plate  was  coated  with  LiCl  for  neutron  diagnostics. 

d.  Cathode  Activations 

Measurements  of  residual  radioactivity  on  the  cathode  were  made  after 
each  shot  to  provide  additional  information  about  the  ion  beam.  The 
y-ray  activity  of  the  cathode  stalk  was  measured  with  a  cylindrical  7.6-cm 
diameter  by  7.6-cm  Nal  detector.  Counting  of  the  cathode  could  be  initiated 
15  minutes  after  a  shot.  Pulse-height  spectroscopy  was  used  to  determine 
y-rays  due  to  radioactive  species  produced  by  ion  bombardment  of  the 
cathode. 

e.  Neutron  Activation  Techniques 

Neutron  intensities  were  determined  with  a  Rh-activation  detector*^* 
and  an  array  of  Mn-activation  foils.  The  Rh  detector  was  deployed  at  155° 
to  the  ion-beam  direction,  and  Mn-foil  samples  were  positioned  at  several 
different  angles  as  noted  in  Fig.  14.  The  Rh-detector  consisted  of  a 
5-cm  diameter  Rh-foil  mounted  against  a  plastic  scintillator  and  enclosed 
in  a  polyethylene  moderator.**  Due  to  the  intense  neutron  yields  in  this 


Fig.  16  —  A  schematic  of  the  shadowbox  used  in  these  experiments.  The  aluminum 
mask  with  1-mm  diameter  apertures  allows  LiCl  to  be  deposited  on  its  front  sur¬ 
face  for  neutron  diagnostics  while  protecting  the  stainless  steel  aperture  plate.  Ion 
damage  is  observed  on  the  aluminum  witness  plate. 
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experiment  a  foil  thickness  of  only  25  i-im  was  used  in  this  detector.  Even 
so,  it  was  necessary  to  locate  this  detector  several  meters  from  the  LiCl 
target  to  prevent  pileup  effects. 

Measurements  with  Mn-foil  activations  were  used  to  provide  neutron 
intensities  at  different  angles  and  distances  from  the  target  on  a  single 
shot.  This  activation  technique  is  illustrated  in  Fig.  17.  Foils  of  Mn-Cu 
(81%  Mn)  2.5  cm  in  diameter  and  50-iim  thick  were  placed  in  the  center  of 
a  cylindrical  7.6-cm  diameter  by  7.6-cm  moderator.  After  this  assembly 
was  exposed  to  neutrons  on  a  shot,  the  Mn  foil  was  removed  and  its  activity 
was  measured  with  a  cylindrical  7.6-cm  diameter  by  7.6-cm  Nal  detector.  A 
y-ray  pulse-height  spectrum  of  the  induced  activity  is  presented  in  Fig.  17. 
Gamma  rays  of  0.847,  1.81  and  2.11  MeV  are  observed.  The  higher-energy  gamma 
lines  (2.66  MeV  and  2.96  MeV)  result  from  summing  of  lower  energy  y-lines.  To 
simplify  the  measurement,  the  output  count  of  an  integral  discriminator 
located  just  below  the  0.847-MeV  y-ray  peak  was  used  to  measure  the 
activity.  This  activity  decays  with  a  156-min  half-life,  as  shown  in  Fig.  17. 
The  combination  of  measured  y-ray  energies  and  half-life  is  consistent  with 
the  56Mn  activity  expected  from  neutron  activation  via  the  ^^Mn(n,y)56Mn 

3 

reaction.  This  measurement  technique  is  10  less  sensitive  than  the  Rh- 
activation  detector. 

Absolute  calibration  of  these  neutron  detectors  is  based  upon  a 
calibration  of  the  Rh  counter  with  a  Cf-252  neutron  source.  Calibrations 
with  similar  neutron  sources  have  been  described  previously. ^  This  source 
was  used  because  its  neutron  energies  are  similar  to  those  expected  from  the 
\i(p,n)^Be  reaction.  Even  so,  the  neutron  moderator  on  these  detectors  makes 
their  response  relatively  insensitive  to  the  neutron  energy.  For  this 
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Fig.  18  —  The  dependence  of  Mn-foil  activations  on  the  distance  from  the 
LiCl  target  is  shown  for  an  array  of  four  Mn-samples  located  at  90°  from  the 
ion  beam  direction  in  the  plane  of  the  target  for  a  single  shot.  The  plot  demon 
strates  the  inverse-square  scaling  of  the  neutron  emission  with  distance  out 
to  ~  1  meter. 
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Fig.  19  —  The  dependence  of  Mn-foil  activations  on  the  distance  from  the  LiCl 
target  to  the  Rh-counter.  The  nonlinearity  indicates  that  inverse-square  scaling 
with  distance  is  not  obeyed  for  distances  greater  than  one  meter. 


calibration,  the  detector  response  was  observed  to  scale  inversely  with  the 
square  of  the  distance.  The  calibration  factor,  F,  in  neutrons/sr/cpm  is 

F=§  (d+6.5)2 

where  d  is  the  source-to-detector  distance  in  cm.  This  factor  was  used  to 
convert  the  measured  activity  into  neutron  intensity.  This  Rh-detector 
calibration  is  three  times  smaller  than  a  previous  calibration^  of  the 
detector  with  a  d-d  neutron  source  because  the  Rh  foil  is  of  smaller 
thickness. 

To  apply  this  absolute  calibration  to  the  ion  diode  experiments,  the 
scaling  of  neutron  intensity  with  distance  from  the  target  was  determined 
with  the  Mn-activation  technique.  The  activation  of  an  array  of  four 
Mn-Cu  samples  positioned  from  0.16  to  1  meter  from  the  LiCl  target  is 
shown  in  Fig.  18.  The  samples  were  located  at  90°  to  the  anode-cathode  axis. 
In  this  figure,  the  square  root  of  initial  activity  induced  in  each  foil 
has  been  plotted  against  the  target-to-detector  distance.  The  linearity 
of  these  data  demonstrates  the  inverse-square  scaling  of  the  neutron 
emission  out  to  a  distance  of  one  meter.  Similar  measurements  with  arrays 
of  Mn-Cu  samples  positioned  along  the  direction  of  the  Rh  counter  are  shown 
in  Fig.  19  for  two  different  shots.  The  activities  on  these  shots  are 
normalized  to  each  other  by  using  measurements  from  the  Rh  detector  and 
a  Mn-Cu  sample  at  20°.  The  normalizations  determined  by  these  two 
independent  neutron  monitors  were  in  agreement  within  5%.  The  nonlinearity 
of  the  data  in  Fig.  19  indicates  that  the  neutron  intensity  no  longer  obeys 
inverse-square  scaling  at  distances  greater  than  one  meter .  This  deviation 
is  attributed  to  room  scattering  of  neutrons.  Clearly,  inverse-square  scaling 
with  distance  is  not  appropriate  for  the  Rh-counter  positioned  at  3.6  meters. 


In  order  to  use  the  Cf-252  calibration  where  the  neutron  emission 
obeyed  inverse-square  scaling,  the  Rh-counter  was  positioned  0,76  m  from 
the  LiCl  target.  For  each  shot  the  Rh-counter  activity  was  measured  for 
several  minutes  to  identify  the  two  decay  components  expected  from  Rh 
activation.  With  the  detector  located  closer  to  the  target,  pulse  pileup 
of  the  detector  output  at  early  time  was  observed  as  indicated  by  the  data 
points  in  Fig.  20.  To  correct  for  this  problem,  the  shape  of  the  decay  curve 
at  early  time  was  determined  from  a  shot  where  the  counter  was  3.6  m  from 
the  target  and  did  not  suffer  pulse  pileup.  The  solid  line  in  Fig.  20 
is  such  a  decay  which  has  been  normalized  to  the  late-time  measured 
activity.  Then  an  absolute  neutron-intensity  determination  could  be 
performed  by  combining  the  Cf-252  absolute  calibration  with  the  first 
minute  count  implied  by  the  solid  line  in  Fig.  20. 

IV.  EXPERIMENTAL  RESULTS 
1.  Results  from  a  Typical  Shot 

Experimental  results  will  be  presented  by  discussing  a  single  shot 
(No.  2978)  in  detail.  In  most  aspects  this  shot  typifies  all  the  shots  for 
this  ion-diode  experiment.  The  Marx  generator  was  charged  to  -90  KV 
producing  a  8.3-MV  peak  voltage  on  the  Blumlein  before  being  discharged 
across  the  insulator  stack  and  onto  the  vacuum  coax  transmission  line. 

Figure  21  shows  a  plot  of  the  tube  voltage  (V^,)  in  the  oil  just  before  the 
insulator  stack.  The  peak  value  of  11  MV  is  slightly  higher  than  the 
10.3-MV  average  peak  value  for  the  entire  run  (25  shots).  The  voltage 
risetime  of  ~  100  ns  with  ~  150  ns  FWHM  is  typical.  Figure  21  also  shows 
the  capacitive  voltage  monitor  signal  (Vfl) .  Its  peak  of  6.3  MV  is  typical. 

The  40%  drop  in  peak  voltage  between  V^,  and  Vfi  is  consistent  with  computer 
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Fig.  20  —  The  measured  decay  of  the  activity  induced  in  a  Rh-counter  by  an  intense 
burst  of  neutrons.  The  data  points  are  for  an  intense  pulse  resulting  in  pulse  pileup  at 
early  times.  The  solid  line  is  the  decay  curve  resulting  from  a  less  intense  burst  of 
neutrons  and  has  been  normalized  to  the  late-time  data  points. 
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Fig.  21  —  Two  voltage  wave  shapes  are  shown,  namely  the  copper  sulphate  voltage 
divider  located  in  the  oil  (VT)  and  a  capacitive  monitor  located  in  the  vacuum  trans¬ 
mission  line  (VB) 


l 


L 


33 


1 


modeling  of  the  generator  and  is  the  result  of  the  impedance  mismatch 
between  the  Blumlein  and  the  vacuum  coax.  Voltages  measured  closer  to  the 
ion  diode  have  wave  shapes  similar  to  V  .  No  direct  measurement  of  the 

D 

cathode  voltage  was  made.  A  diode  voltage  of  ~5  MV  is  inferred  from  neutron 
TOF  measurements  to  be  discussed  below. 

Figure  22  compares  the  voltage,  VD,  the  current,  I  ,  just  downstream 
of  the  diode  insulator,  and  the  effective  line  impedance  Z  =  VD/I_.  This 

D  1 

current  rises  in  ~120  nsec  to  a  peak  value  of  ~190  kA  and  plateaus  for  the 
remainder  of  the  voltage  pulse.  The  value  agrees  with  the  average  peak 
current  of  25  shots  which  ranges  from  210  kA  to  170  kA  depending  on  the 
diode  configuration.  The  calculated  impedance  at  this  location  has  a 
plateau  of  ~30  for  ~100  nsec  during  the  useful  portion  of  the  diode 
pulse.  Figure  23  shows  the  power  and  energy  derived  from  Vg  and  IT.  The 
peak  power  of  ~1.2  TW  is  typical  for  this  run.  At  the  end  of  the  voltage 
pulse,  these  probes  have  measured  ~160  kJ.  The  diode  voltage  will  be 
lower  than  V  and  the  diode  current  higher  than  I  due  to  the  impedance 

D  I 

mismatch  between  the  transmission  line  and  the  ion  diode.  Transmission 

12 

line  computer  code  studies  indicate  that  the  current  is  ~250  kA  in  the 
diode  region.  This  result  coupled  with  the  ~5-MV  diode  voltage  implied 
from  the  TOF  measurements  suggests  that  the  diode  was  operating  close  to 
2(M2  impedance. 

The  ion  diode  used  on  this  shot  had  a  4.9-cm  anode-cathode  (AK)  gap. 

The  anode  consisted  of  a  86-pim  thick  CH^  foil  on  the  outer  section  and  a 
0.43~mm  thick  CH^  foil  on  top  of  the  center  field-enhancing  disk  and 
aluminum  screw  head.  This  anode  was  supported  by  a  6.0-cm  long  stalk 
mounted  on  a  1.5-mm  thick  aluminum  diaphragm.  A  shadowbox  was  recessed 
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Fig.  22  —  The  voltage  on  the  vacuum  transmission  line,  VB,  is  shown  relative  to  the  current 
IT.  The  effective  impedance,  Z,  computed  from  VB  and  Ip  is  also  shown.  This  impedance 
represents  the  combination  of  the  vacuum  transmission  line  downstream  of  the  monitors 
and  the  actual  ion-diode  load  impedance.  The  line  impedance  appears  to  be  ~  30  ohms 
during  the  latter  half  of  the  pulse  when  the  diode  is  fully  turned  on. 
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Fig.  23  —  The  power  and  energy  delivered  to  the  transmission  line  at  the  location 
corresponding  to  probes  VB  and  IT  as  calculated  using  these  traces 
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10.5  cm  inside  the  cylindrical  aluminum  cathode  and  had  a  LiCl  target 
mounted  on  its  front  surface.  A  four-insulator-section  prepulse  switch 
was  located  behind  the  cathode. 

The  results  of  x-ray  measurements  with  the  pinhole  camera  are  shown 
in  Fig.  24.  Images  were  recorded  with  four  different  film  sensitivities 
through  a  1.9-mm  diameter  pinhole.  These  pictures  are  typical  of  the 
experiment.  The  pinch  was  well  centered  on  all  shots,  seemingly  striking 
the  central  disk  or  screw  head.  The  intensity  of  the  x-ray  images  depended 
on  the  diode  impedance  with  lower  impedance  shots  showing  weaker  images. 

In  no  case  were  bright  regions  observed  from  the  aluminum  back  plate  except 
near  the  center. 

The  signal  measured  by  the  x-ray  photodiode  for  this  shot  is  shown 

in  Fig.  25.  The  shape  of  this  signal  is  compared  with  a  theoretical 

13  2  8 

scaling  for  x-ray  production  from  e-beams  given  by  I^lVg)  '  .  The  cal¬ 
culated  signal  was  normalized  in  magnitude  and  positioned  in  time  for 
comparison  with  the  measured  signal.  The  shapes  of  the  two  signals  agree 
reasonably  well.  This  agreement  provides  an  independent  check  on  how  well 
the  measured  voltage  and  current  wave  shapes  agree  with  the  actual  wave 
shapes  across  the  diode.  In  general,  the  peak  intensity  from  the  photo¬ 
diode  depended  on  the  diode  configuration.  Intensities  observed  with  the 
x-ray  pinhole  camera  were  consistent  with  the  intensities  recorded  by  this 
photodiode . 

Ion  diagnostics  on  this  shot  included  measurements  of  neutrons 
resulting  from  proton  bombardment  of  the  LiCl  target,  pulse-height  analysis 
of  residual  gamma  activity  from  the  cathode,  and  a  shadowbox  to  observe  the 
ion  trajectories.  Neutron  diagnostics  and  cathode  activation  analyses  were 
used  on  most  shots,  but  the  shadowbox  diagnostic  was  used  on  only  two  shots. 
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Fig.  25  —  The  measured  signal  from  an  x-ray  photodiode  collimated  to  see  only  the 
anode-cathode  region.  The  dashed  line  represents  the  calculated  x-ray  production 
with  the  IT(VB)2-8  scaling  and  has  been  normalized  to  the  peak  of  the  measured 
signal. 


Neutron  TOF  measurements  for  this  shot  and  for  a  shot  without  a  LiCl 


target  are  compared  in  Fig.  26.  The  neutron  pulse  is  readily  detected 
above  the  bremsstrahlung  tail.  The  onset  of  the  neutron  pulse  is  ~  400  nsec 
after  the  peak  of  the  bremsstrahlung  and  the  ~  150  nsec  risetime  followed 
by  a  rounded  peak  and  long  tail  is  characteristic  of  the  neutron  TOF  data. 

The  width  of  this  pulse  is  due  primarily  to  the  duration  of  proton  emission 
from  the  diode  and  the  energy  loss  of  protons  in  the  thick  LiCl  target. 

Proton  energies  were  extracted  in  two  ways.  First,  the  time  interval  from 
the  peak  of  the  x-ray  pulse  to  the  peak  of  the  neutron  pulse  gives  a  measure 
of  the  average  proton  energy.  Second,  the  time  interval  from  the  peak  of 
the  x-ray  pulse  to  the  50%  point  on  the  leading  edge  of  the  neutron  pulse 
gives  an  estimate  of  the  maximum  proton  energy.  Proton  energies  were 
extracted  from  these  time  measurements  by  using  the  curve  given  in  Fig.  15. 

The  results  for  this  shot  are  compared  with  averages  for  12  shots  in  Table  1. 

We  conclude  that  a  proton  energy  of  5  MeV  is  characteristic  of  this  experi¬ 
ment  . 

The  Rh-activation  detector  measurement  for  shot  2978  indicated  a 

neutron  yield  of  4.3x10**  neut/sr  at  155°.  This  shot  gave  the  largest  yield, 

which  can  be  compared  to  an  average  of  2.8x10**  neut/sr  for  18  shots.  The 

larger  yield  may  be  due  in  part  to  the  higher  than  average  proton  energy 

on  this  shot.  With  no  LiCl,  the  neutron  yield  was  only  0.5  -  l.OxlO*®  neut/sr. 

In  this  case,  neutron  production  presumably  results  from  ion  bombardment  of 

the  aluminum  witness  plate  and  cathode. 

Proton  intensities  were  determined  from  the  neutron  intensities  using 

known  nuclear  reaction  yields.  Thick-target  yields  for  \i(p,n)^Be  reaction 

14 

on  a  LiCl  target  were  calculated  using  published  cross  sections  and 
stopping  powers.*^  The  results  are  displayed  in  Fig.  27.  These  curves 
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Fig.  27  —  Thick  target  yields  for  the  7Li(p,n)7Be  reaction  on  a  LiCl  target 
(left)  and  reaction  kinematics  for  the  7Li(p,n)7Be  reaction  (right) 
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include  only  the  ground-state  reaction.  The  contribution  from  the  first 
excited  state  is  less  than  10%  at  these  energies.  Note  that  this  reaction 
has  a  threshold  at  1.9  MeV  and  that  the  reaction  yield  is  forwarded  peaked. 
The  kinematics  for  this  reaction  are  also  displayed  in  Fig.  27.  For  5-MeV 
protons,  neutron  energies  ranging  from  1.6  to  3.3  MeV  can  be  expected 
depending  on  the  angle  of  the  detector.  For  shot  2978,  the  observed  neutron 
output  corresponds  to  5.4x10*^  protons  at  5  MeV.  This  result  is  relatively 
sensitive  to  the  proton  energy  and  ranges  from  3.1x10^  protons  at  5.9  MeV 
(maximum  energy  from  TOF)  to  8.1x10^  protons  at  4.6  MeV  (average  energy 
from  TOF).  For  all  18  shots,  the  average  number  of  protons  is  3.7x10^.  We 
conclude  that  up  to  ~  5x10  ^  protons  are  produced  with  energies  of  ~  5  MeV. 

Results  from  the  shadowbox  recessed  10.5  cm  inside  the  cathode  are 
shown  in  Fig.  28.  The  damage  patterns  produced  by  ions  on  the  witness 
plate  are  outlined.  These  images  are  projected  by  straight-line  trajectories 
through  the  corresponding  witness  plate  apertures  back  toward  the  anode- 
cathode  region.  Ions  observed  at  larger  radii  in  the  shadowbox  appear  to 
come  from  a  common  source  which  is  nearer  the  anode  than  that  for  ions 
observed  at  smaller  radii.  The  ions  appear  to  come  from  the  central 
region  of  the  anode.  The  projections  at  different  radii  suggest  that  ion- 
focusing  is  going  on  within  the  anode-cathode  gap  with  a  significant  fraction 
of  the  ions  crossing  the  axis  several  centimeters  in  front  of  the  anode. 

2.  Cathode  Activations 

Radioactivity  induced  on  the  cathode  after  a  shot  could  not  be  under¬ 
stood  solely  by  proton  bombardment,  but  required  the  presence  o£  an 
energetic  carbon  component  in  the  beam.  A  pulse-height  spectrum  of  the 
delayed  y-ray  activity  measured  on  the  aluminum  cathode  with  a  cylindrical 
7.6-cm  diameter  by  7.6-cm  Nal  detector  is  shown  in  Fig.  29.  Invariably, 


Fig.  28  —  Projections  of  the  ion  damage  observed  on  a  shadowbox  witness  plate  back 
through  the  shadowbox  apertures  toward  the  anode.  The  observed  witness-plate  damage 
is  outlined  at  0  cm.  The  projections  at  8  cm  and  10.5  cm  from  the  witness  plate  indicate 
that  ions  at  the  smaller  radius  are  converging  faster  than  ions  at  the  larger  radius.  The 
inner-radius  projections  pass  through  an  apparent  best  focus  at  10.5  cm  and  begin  to  di¬ 
verge  as  one  approaches  the  anode  located  at  18  cm.  The  outer-radius  projections  have 
an  apparent  best  focus  very  near  the  anode  plane. 


the  most  intense  y-ray  observed  was  annihilation  radiation  (0.51  MeV) 

resulting  from  positron  activity  produced  by  a  variety  of  nuclear  reactions. 

The  decay  of  this  y-ray  could  not  be  characterized  by  a  single  half-life. 

The  y-rays  at  1.18,  2.13  and  3.30  MeV  dominate  the  high  energy  region  of 

this  spectrum.  A  half-life  of  32  min.  was  measured  for  the  decay  of 

2.13  and  3.30  MeV  y-rays,  as  shown  in  Fig.  29.  These  results  indicate 

that  this  activity  is  ^mCl.  This  identification  was  confirmee  by  Ge- 

spectroscopy  of  the  cathode  activity,  as  summarized  in  Table  2.  Gamma-ray 

energies  were  measured  to  a  precision  of  +  1  keV,  and  the  values  agree 

with  those  recommended  from  the  literature  for  ^mCl.  Note  that  the  intense 

146-keV  y-ray  from  ^mCl  was  observed  by  Ge-spectroscopy ,  but  not  in  the 

6  3 

Nal  spectrum  (see  Fig.  29).  In  addition,  y-rays  associated  with  Zn  and 

7Be  were  also  observed.  The  7Be  activity  results  from  the  7Li(p,n)7Be 

6  3 

reaction  in  the  LiCl  target.  The  Zn  activity  results  from  the 
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Cu(p,n)  Zn  reaction  on  a  copper  impurity  in  the  aluminum  cathode.  No 
other  y-activities  were  observed  in  these  measurements.  The^mCl  activity 
cannot  be  accounted  for  by  a  pro ton- induced  reaction  but  can  result  from 
the  27Al(^C,an)  '^mCl  reaction  due  to  a  carbon  component  in  the  ion  beam. 

The  cross  section^  for  this  reaction  is  given  in  Fig.  29.  If  the  carbon 

ions  were  produced  in  the  6+  charge  state  and  accelerated  through  5  MV  to 

give  an  energy  of  30  MeV,  the  number  of  ions  required  to  account  for  the 
maximum  observed  activity  would  be  3x10^.  For  lower  energy  ions,  the 
number  increases  because  the  cross  section  for  this  reaction  decreases 
with  energy.  Also,  this  value  represents  a  lower  limit  because  activity 
blown  off  the  cathode  during  the  shot  is  not  measured.  We  conclude  that 

more  than  3x10^  carbon  ions  per  shot  are  generated  in  these  experiments. 


Spectroscopy  of  Aluminum  Cathode 


The  activation  of  the  cathode  was  also  measured  on  a  shot  where  the 
aluminum  cathode  was  replaced  by  a  stainless  steel  cathode.  The  y-ray 
pulse-height  spectrum  obtained  in  this  case  is  shown  in  Fig.  30.  There 
is  no  evidence  for  the  ^mCl  activity  when  the  aluminum  cathode  is  removed. 
This  observation  supports  the  previous  conclusion  that  the  ^mCl  activity 
results  from  the  bombardment  of  aluminum  by  energetic  carbon  ions.  The 
only  prominent  feature  in  the  spectrum  in  Fig.  30,  except  for  annihilation 
radiation,  is  a  1.43-MeV  y-ray  which  decays  with  a  half-life  of  22  min. 

This  activity  is  characteristic  of  ^2n5Mn  which  can  be  produced  by  the 
52Cr(p,n)52mMn  reaction  on  the  18%  chromium  component  in  the  stainless  steel. 
The  thick-target  yield^2  for  this  reaction,  which  has  a  threshold  at 
5.9  MeV,  is  shown  in  Fig.  31.  The  presence  of  this  activity  indicates 
that  protons  exceeded  5.9  MeV  on  this  shot.  For  a  proton  energy  of  6.5  MeV, 
only  ~  5x10^  protons  are  required  to  account  for  the  measured  ^2mMn 
activity.  This  is  only  ~  2%  of  the  number  of  protons  measured  on  this 
shot  by  the  2Li(p,n)2Be  diagnostic.  Therefore,  the  ^2mMn  activity  can  be 
accounted  for  by  a  small  fraction  of  the  proton  beam  exceeding  the  5.9-MeV 
threshold  for  producing  this  activity. 

3.  Variation  of  Diode  Parameters 

In  the  course  of  the  25  shots  comprising  this  experiment,  the  behavior 
of  the  diode  was  studied  for  several  different  variations  of  diode  para¬ 
meters.  These  studies  included  variations  of  the  anode-cathode  gap,  the 
number  of  prepulse  insulators,  and  the  anode  structure. 

The  AK  gap  study  consisted  of  5  shots  with  gaps  ranging  from  2.8  cm  to 
7.0  cm.  For  gaps  >4.8  cm,  the  voltage  and  current  traces  did  not  change 
significantly  with  the  gap  spacing.  For  gaps  < 4  cm  the  voltage  risetime 
and  peak  value  did  not  change,  but  the  voltage  decayed  more  rapidly  after 
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GAMMA  RAY  ENERGY  (MeV) 

Fig.  30  —  A  spectrum  of  the  delayed  7-ray  activity  (left)  measured  on  a 
stainless  steel  cathode  show;,  a  1.43-MeV  7-line  which  decays  with  a 
22-min  half-life  characteristic  of  52w Mn  (right) 


Fig.  31  —  The  thick  target  yield  for  the  52Cr(p,r.)62mMn  reaction 
on  a  stainless  steel  target 


the  peak.  For  example,  the  full  width  at  half  maximum  of  voltage  V_  dropped 
from  ~  160  ns  for  gaps  24.8  cm  to  ~  100  ns  for  a  2.8-cm  gap.  Likewise  the 
peak  current  as  measured  by  IT  was  30  kA  higher  for  the  small  gap.  These 
observations  indicate  that  the  diode  impedance  is  falling  rapidly  during 
the  latter  half  of  the  pulse.  The  ion  diagnostics  showed  a  decrease  in  the 
number  of  neutrons  and  ^<!,mCl  nuclei  produced  for  smaller  gaps  as  indicated 
in  Fig.  32.  The  decrease  in  neutron  and  3<!tmCl  production  may  be  due  to 
either  the  production  of  fewer  ions  or  to  a  reduced  voltage  across  the 
diode.  In  the  latter  case,  the  strong  energy  dependence  of  the  cross 
sections  for  these  diagnostics  causes  the  reduced  outputs.  The  ion 
intensity  cannot  be  unfolded  from  these  diagnostics  until  better  voltage 
and  current  measurements  are  available  and  direct  ion  current  measurements 
are  made. 

One  constraint  on  the  efficient  coupling  of  a  low  impedance  diode 
to  the  Aurora  generator  is  the  presence  of  a  diode  prepulse.  A  prepulse 
can  cause  anode  and  cathode  plasmas  to  form  and  begin  to  close  the  diode 
gap.  As  a  consequence,  the  diode  may  short  out  prematurely  when  the  main 
pulse  is  impressed  on  the  diode.  A  300-nsec  long  prepulse  of  ~  100-kV  peak 
voltage  appears  on  the  vacuum  transmission  line  1.5  jascc  before  the  main 
voltage  pulse.  This  prepulse  could  be  a  source  of  premature  plasma 
formation  in  the  diode  region.  To  minimize  this  effect,  an  insulator 
flashover  switch  was  located  behind  the  cathode  to  capacitively  attenuate 
the  prepulse  level  at  the  diode.  By  changing  the  number  of  insulators, 
the  prepulse  voltage  could  be  decreased  by  an  order  of  magnitude.  Shots 
were  taken  with  0,  2,  4  and  6  insulators  in  this  switch,  for  a  5-cm  AK  gap. 
The  diode  behavior  showed  no  difference  between  four  to  six  insulators. 

For  2  insulators,  the  rise  of  the  voltage  to  its  peak  did  not  change 
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significantly,  but  after  the  peak,  the  voltage  collapsed  rapidly.  For 
zero  insulators  (no  prepulse  switch),  the  voltage  risetime  increased, 
the  peak  voltage  decreased  by  ~  1  MV  and  a  rapid  decay  followed  the  peak 
and  shortened  the  pulses  to  135  nsec  (FWHM) .  For  the  configurations  with 
zero  and  two  insulators,  peak  diode  currents  of  ~  230  kA  were  well  above 
the  average  of  190  kA  for  the  entire  run,  indicating  lower  impedance 
operation  of  the  diode.  The  dependence  of  the  ion  diagnostics  on  the 
number  of  insulators  in  the  prepulse  switch  is  shown  in  Fig.  33.  The 
decrease  in  neutron  and  Cl^"1  production  is  consistent  with  gap  closure 
due  to  plasma  production  lowering  the  diode  voltage. 

Ion  production  in  these  experiments  depends  on  the  interaction  of 
electrons  with  the  anode  foil.  Reflexing  of  electrons  through  the  a node 
foil  may  enhance  ion  production.  In  these  negative-polarity  experiments, 
the  CH2  anode  foil  acts  as  a  ground  plane  as  well  as  a  plasma  source  for 
ions  (see  Fig.  13).  Electrons  from  the  cathode  may  reflex  through  the 
anode  foil  due  to  the  magnetic  field  produced  by  current  in  the  anode 
stalk.  The  gyroradius  of  5-MeV  electrons  in  the  magnetic  field  at  the 
cathode  radius  resulting  from  a  150-kA  current  is  ~  3  cm.  For  an  anode 
stalk  longer  than  3  cm,  electrons  can  reflex  through  the  anode  without 
interacting  with  the  aluminum  plate  supporting  the  anode.  In  addition, 
a  virtual  cathode  may  be  formed  in  the  vacuum  region  behind  the  support 
plate  and  reflect  electrons  back  toward  the  anode.  These  two  potential 
reflexing  mechanisms  complement  one  another. 

Several  shots  with  different  anode  structures  were  made  to  examine 
the  role  of  electron  reflexing  in  the  diode.  First,  a  series  of  shots 
with  anode  stalk  lengths  ranging  from  3  to  12.8  cm  was  made  for  AK  gaps 
of  5  cm.  No  significant  differences  in  the  voltage,  current,  neutron 
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Fig.  33  —  Dependence  of  the  cathode  activation  (34raCl)  and  the  7Li(p,n)7Be  neutron 
production  (Rh  and  Mn  detectors)  on  the  number  of  prepulse  insulators. 


output  and  Cl  production  were  observed.  X-ray  pinhole  linages  indicated 
that  the  longer  stalks  were  radiating  along  almost  their  entire  length.  This 
suggests  that  current  is  being  conducted  along  the  anode  stalk  to  the 
aluminum  support  plate.  Finally,  three  shots  were  taken  with  the  anode 
foil  placed  directly  on  the  support  plate  as  indicated  in  Fig.  34.  Shot  1 
is  identical  to  the  previous  shots  except  it  has  no  anode  stalk.  Shot  2 
has  a  CH^  foil  with  no  aluminum  backing  plate.  Electron  reflexing  through 
the  anode  is  possible  in  these  two  shots.  Shot  3  has  a  13-mm  thick  carbon 
plate  behind  a  3-mm  thick  aluminum  support  plate  to  suppress  electron 
reflexing.  The  neutron  yield  on  shot  3  is  about  one-half  of  that  on 
shots  1  and  2  as  indicated  by  the  Mn  activity  at  90°  and  20°.  The  Rh- 
counter  activity  scales  with  the  90°  Mn-foil  activity.  The  thicker  anode 
on  shot  3  attenuates  the  neutron  intensity  toward  the  Rh  counter  by  about 
20%.  A  comparison  of  the  neutron  yields  at  20°  and  90°  indicates  that  the 
angular  distribution  is  forward-peaked,  as  expected  from  the  yield  curves 
see  Fig.  27.  These  shots  indicate  that  if  electron  reflexing  is  enhancing 
the  ion  production,  it  is  not  the  dominant  effect. 

V.  SUMMARY  OF  RESULTS 

The  ion  diode  experiments  on  Aurora  described  in  this  paper  have 

produced  up  to  5xl0*k  protons  with  energies  of  ~  5  MeV  and  pulse  durations 

of  ^  150  ns.  The  corresponding  average  proton  current  exceeds  50  kA  or 

20%  of  the  total  current.  These  numbers  give  ~  40-kJ  energy  in  the  proton 

beam.  The  ~  20%  ion  generation  efficiency  compares  favorably  with  computer 

simulations.  In  addition  to  protons,  a  carbon- ion  component  of  greater 
14 

than  3x10  ions  was  extracted  from  the  CH^  anode  foil.  The  energy  of 
these  ions  was  not  determined,  but  their  number  may  be  larger  depending 
on  their  charge-state  and  hence  their  energy. 


56 
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Fig.  34  —  Comparisons  of  neutron  measurements  for  three  shots  (1,  2  and  3)  with 

different  anode  structures. 
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The  enhancement  of  the  ion  production  efficiency  over  the  child- 
Langmuir  limit  may  be  due  to  increased  electron  lifetime  in  the  diode. 
Previous  experiments^  with  pinch  reflex  diodes  have  indicated  enhanced  ion 
production  can  result  from  electron  reflexing  through  an  anode  foil. 

However,  it  was  demonstrated  that  electron  reflexing  is  not  the  dominant 
effect  in  the  present  experiments.  Experimentally,  the  electron  beam  pinches 
on  the  anode,  and  the  ions  appear  to  originate  primarily  from  a  small 
area  (2-4  cm  )  on  the  anode  axis.  Both  of  these  results  are  supported 
by  the  computer  simulation.  Moreover,  the  simulation  indicates  that 
electrons  in  the  diode  undergo  complicated  figure-eight-like  orbits.  The 
relatively  slow  gap  crossing  due  to  electron  VB  drift  motion  is  consistent 
with  the  observed  ion  efficiency. 

Ion  images  and  trajectories  from  the  shadowbox  measurements  suggest 
that  the  ions  have  a  relatively  large  divergence  from  a  localized  region 
on  axis  within  the  anode-cathode  gap.  This  result  suggests  some  focusing 
mechanism  at  work  in  the  diode.  These  observations  are  consistent  with 
the  computer  simulation. 

Experiments  with  various  prepulse  switches  and  AK  gaps  indicate  that  the 
diode  is  sensitive  to  the  prepulse  voltage  level  (25  kV  <  Vpp  <  200  kV) . 

There  was  some  indication  that  gap  closure  may  have  occurred  late  in  the 
pulse  for  small  AK  gaps  (<4  cm)  or  for  large  prepulse  levels.  Such  closure 
may  be  caused  by  anode  or  cathode  plasmas  produced  by  the  prepulse  which 
occurs  ~  1.5  ns  before  the  main  voltage  pulse. 

Several  new  diagnostic  techniques  were  developed  and  applied  success¬ 
fully  in  the  course  of  these  experiments.  The  use  of  the  ^Li(p,n)^Be 
reaction  with  LiCl  targets  as  a  neutron  source  for  protons  of  ~  5  MeV  was 
demonstrated.  Neutron  intensity  measurements  by  Mn-activation  proved  to 
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be  a  viable  technique.  An  independent  absolute  calibration  of  this 
detection  technique  would  be  very  useful.  A  nuclear  reaction  for  detecting 
carbon  ions,  namely  ^Al( ^C,0.n) ^™C1,  was  used  successfully.  Additional 
measurements  of  the  cross  section  for  this  reaction  below  30  MeV  are  needed. 

The  continuing  experimental  program  has  focused  on  reversing  the 
accelerator  polarity  to  permit  ion  beam  extraction,  improvements  of  the 
ion  and  accelerator  diagnostics,  and  improvement  of  power  flow  to  the  diode. 
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